Abstract-The authors propose a method of providing stability of the coefficient of friction of a disk brake. The method is based on the use of combination of friction materials in the force pattern of working elements of a disk brake. These friction materials interact with a brake disk and have individual level of loading. The article theoretically substantiates the possibility of the impact of the integral properties of a combination of friction materials involved in the force interaction on vehicle braking parameters. The reasonability of the proposed method is proved by the results of the experimental research. A brake-pad (lining) design has been developed to implement this method.
INTRODUCTION
The safety of open-pit, mining, car, and railway transport depends on the stability and the coefficient of friction level of a friction brake, which, in turn, largely depends on the properties of friction materials. The production nomenclature of friction materials includes several hundreds of items and their world production volume is tens of thousands of tons. In the market of friction materials, there are many firms that deal with their development and production. The world's most famous producers are the following ones: Federal-Mogul, Honeywell (United States) (the business of friction materials is sold to the Federal Mogul Corporation TMD Friction), Becorit (Germany), and Wabtec (United States). Despite high financial costs for the development of new friction materials, there is no friction material for disk brakes that would have fully acceptable performance properties according to the criteria of necessary level and the stability of the coefficient of friction.
Studies in the field of improving brake systems have been performed by scientific groups in many countries. The scientific school of the Russian Academy of Sciences Academician V.I. Kolesnikov (Southern Federal University, Russia) is a leading school in the sphere of the development of analytical mathematical apparatus for solving the heat problem for a friction brake system [1, 2] .
The increase in the cost of brake pads, which are an expendable material, is undesirable because of their high consumption in transport. Thus, a promising trend is the search for new methods of providing friction properties of disk brakes that meet the current requirements.
In the classic schemes of disk brakes, two friction materials are used: the material of a pad and the material of a disk. The friction characteristics of a disk brake are a function of the properties of materials and the conditions of their power loading [1, 3, 4] .
An alternative to the development of new friction materials is providing new properties of a disk brake by combining several working materials in a friction assembly, which does not presuppose a significant change in the design of a brake and means of its control and provides wide possibilities for increasing the coefficient of friction and providing the stability of the braking. To increase the efficiency of the work of a disk brake of a vehicle, it is presupposed to create the individual power loading of each of working elements of a disk brake [5] .
Thus, an increase in feasibility characteristics of the braking of a vehicle can be achieved based on the development of a disk brake, in a force pattern of which there is a combination of friction materials that are united in a brake pad design, each one has an individual load level.
In connection with this, a promising trend is the development of new properties of a disk brake by the use of a combination of materials having different friction properties and individual loading conditions in the force interaction of working elements.
The aim of this work is to develop and substantiate the method for providing the stability of the coefficient of friction of a disk brake by the use of a combination of friction materials in the force pattern, to prove experimentally the efficiency of the proposed method according to the criterion of stability of the coefficient of friction, and to develop the design principles of a brake pad (lining) of a disk brake providing the realization of the method.
MATERIALS AND METHODS OF STUDY
According to the current ideas about the external friction of solid bodies, the total force of friction is a force consisting of elementary forces that occur in individual friction bonds. In turn, the latter are caused by the molecular-mechanical interaction on microcontacts, which are observed on the contact surface of friction elements.
The total outer friction force can be presented in the form of a sum of two components: molecular and mechanical ones, which are interrelated, and their addition for the determination of the total force of friction can be used as the first approximation [3, 4] .
It is known that the molecular-mechanical interaction of friction elements is caused by the individual properties of materials operated under the conditions of the power loading and under the impact of the environment. Taking it into account, a new method of providing the friction properties of a tribological friction assembly was proposed based on the use of several friction materials in the force pattern of their interaction. The schematic diagram of this method (by example of a disk brake of the rolling stock) is shown in Fig. 1 . A brake disk interacts with several friction materials A, B, C, and D, which have different individual properties and loading conditions [5] .
According to this scheme, the integral properties of a disk brake are determined by the individual properties of the friction materials A, B, C, and D, the properties of the material of a brake disk 1, the conditions of their individual loading, and the physical and chemical state of the contact surfaces. In this case, the integral force of friction is equal to the forces of friction occurring at the interaction of each of friction materials with a brake disk.
The thermal interaction of working elements of a disk brake, which contains several friction materials in the force pattern, is illustrated by the differential equation of heat conduction (Fourier-Kirchhoff) presented in a cylindrical coordinate system without inner heat sources [6, 7] . The corresponding calculation scheme is shown in Fig. 2. (1) Equation (1) is supplemented by the boundary value conditions. For the side (cylindrical) and end (plane) surfaces of a brake disk, we have the following type-3 boundary value conditions (without inner heat sources) in Eqs. (2) and (3), respectively:
where λ is the coefficient of thermal conductivity and α r , α z are the heat transfer coefficient between the corresponding surface of a brake disk and the ambient air.
For the sliding contact zone surfaces of a brake disk with linings, we have the following type-4 boundary value conditions with a surface heat source: 
